A collisionless hybrid simulation (particle ions and Boltzmann electrons) has been used to study sheath and ion dynamics following the application of a large negative voltage pulse to three different ring-shaped targets: a thin ring, a thick ring, and an outer bearing race. The influence of a coaxial auxiliary electrode has also been investigated. The normalized potential, ion density, incident dose and accumulated impact energy on the target surfaces are presented. Three classes of ion trajectories are identified: those that impact the target directly, those that pass through the ring and impact the target, and those that pass through the ring and back into the ambient plasma. Implantation of the top and outer surfaces of the thick ring/bearing are influenced by the use of the auxiliary electrode because it significantly reduces the number of ions passing through the ring. The implications of this work for the plasma immersion ion implantation process are discussed.
Introduction
Plasma immersion ion implantation (PIII) is a process that offers advantages over conventional beamline ion implantation.
In beamline implantation, as shown in figure 1(a), ions created by ionizing neutral atoms are accelerated by an applied electric field. After gaining the required kinetic energy, a magnetic field deflects and screens the ions. Finally, the beam impinges on the surface of the target and the ions are implanted. Significant target manipulation may be required to implant the whole surface of an irregularly shaped object such as a bearing race.
On the other hand, in the PIII process the target is immersed in a plasma [1, 2] , as shown in figure 1(b) . Consequently, the target is surrounded by positive ions and negative electrons. A series of negative high-voltage pulses, typically several tens of kilovolts, are applied to the target. When the target is negatively biased, electrons are expelled from around the target leaving a positive ion sheath [3, 4] . A strong electric field exists between the sheath edge and the target surface. Since the sheath surrounds the target, ions 3 Author for correspondence.
automatically implant all of the exposed surfaces. In principle, it is more straightforward to implant irregularly shaped targets using the PIII method.
The inner surfaces of a tube or bore cannot be efficiently implanted by the beamline method. The retained dose is small since the impact angle is oblique and the process is not practical for high-aspect-ratio holes. The PIII method is more promising because ions initially inside the tube will impact the inner surfaces normally. PIII of the inner surfaces of tubes has been studied theoretically and experimentally [5] [6] [7] [8] [9] [10] [11] . It has been found that the insertion of an auxiliary electrode along the central axis of the tube increases the impact energy of the ions on interior surfaces [6, 10, 11] . Plasma immersion into the race surface of a ball bearing has also been investigated without an auxiliary electrode [12] .
A tube or bore is a geometry for which the length of the hole is much greater than its diameter. The probability of ions passing through the hole during the PIII process is low, especially when an auxiliary electrode is inserted into the tube [11] . However, when the tube is shortened such that the diameter is greater than the length, it becomes a ring that is more 'open' to incoming ions. The chance for ions to pass through a ring increases greatly [10] . In this paper, we have computationally studied the PIII process for three target geometries: a thin ring, a thick ring and an outer bearing race. The influence of an auxiliary electrode has been investigated. The normalized potential, ion density, incident dose and accumulated impact energy on the surfaces of the targets are presented. We demonstrate that incoming ions can pass through the ring and gyrate to the outer region. Under some circumstances, these ions can re-enter the sheath and escape into the neutral plasma. We show that the auxiliary electrode not only affects the normalized incident dose and impact energy on the inner surface of the thick ring/bearing, but the top and outer surfaces as well, since the auxiliary electrode prevents ions from passing through the ring.
Model formulation
A hybrid simulation scheme (particle-in-cell ions and Boltzmann electrons) [10, 11, 13, 14] has been used to investigate the PIII process for ring-shaped targets. The basic assumptions and formulae are reviewed here. We assume that the ion motion is collisionless: that is, the ion mean free path is much greater than the sheath thickness, which is satisfied for the working pressures typical of PIII (a few 10 −4 mTorr) [15] . The ion temperature in such discharges is typically near the neutral gas temperature (i.e. room temperature) [15] . Therefore, we assume that the ions acquire directed motion only from the electric field created by the negative potential (−40 kV). However, the electron temperature (3 eV) is much higher than that of the ions. Since the electron distribution function is approximately Maxwellian, we assume that the electron density n e is given by the Boltzmann relationship
where n 0 is the initial plasma density, φ is the potential and T e is the electron temperature in electronvolts. The potential φ is related to the ion density n i and electron density n e through Poisson's equation
where q is the elemental charge. The ion trajectories are approximated by a second-order finite-difference scheme for Newton's equation of motion:
where V i and V f are the initial and final velocities of an ion with mass M for a time step t, and d is the ion displacement for the same time step. The subscripts 'i' and 'f ' refer to quantities at t and t + t, respectively. We work in cylindrical coordinates since the ring-shaped targets exhibit a cylindrical symmetry about their central axis ( figure 2(a) ). We can ignore the θ coordinate and consider only the r-z plane-the three-dimensional geometry is reduced to two dimensions. In cylindrical coordinates, and ignoring θ, Poisson's equation and the equations of motion become
We now introduce the dimensionless variables
where D = 4ε 0 |φ p |/qn 0 is the ion-matrix overlap length [5] , ω pi = n 0 q 2 /ε 0 M is the ion plasma frequency, and V max = 2q|φ p |/M is the ion velocity corresponding to a (stationary) potential drop φ p . Here φ p is the applied target potential. The normalized formulae are then
where c = |φ p |/T e is the dimensionless target bias. In PIII, c 1, so that the transition between the ambient plasma and the sheath is quite sharp.
A brief description of the simulation scheme follows. Assume that we know the ion particle positions, velocities and accelerations at time t. First, the positions of all the particles are advanced using their velocities and accelerations at the current time through equations (8) . Next, the normalized ion density N at each grid node is obtained by weighting the 'corrected charge' for each particle to the grid using bilinear interpolation. Poisson's equation (7) is approximated using a second-order finite-difference representation (the standard five-point formula). The normalized potential ψ at each grid point is obtained by using Newton's method to solve the coupled nonlinear finite-difference equations through iteration. The electrical field (acceleration) at the next time step is then calculated and the velocity of each particle is advanced using equations (9) with the old and new accelerations. The old acceleration is then replaced by the new value. The procedure can then be repeated.
We simulate the implantation of three different ringshaped targets of similar size: a thin ring, a thick ring and an outer bearing race (i.e. the bearing rolls on the inner surface). The cross sections of the three targets are shown in figure 2(b). The wall of the thin ring is shown by the long dashed line, i.e. the wall lies on a single column of grid points. The cross section of the thick ring is indicated by the rectangular block, while the bearing race is the same as the thick ring with the race track removed. The simulation box is mirrored about the ρ axis which is a symmetry plane, as shown in figure 2(b). The simulation region is divided into 6400 cells, and 225 ion particles are initially placed uniformly in each cell to simulate the motions of the ions, giving a total of 1 440 000 particles. The grid spacing is 0.05 D in both the r and z directions, and the time step T = 0.005 T pi , where T pi = 1/ω pi . The race track of the bearing is formed by a circle with a radius of 0.2 D (2 cm) having its origin 0.9 D (9 cm) from the z axis. The included angle of the track is 120
• . The circular boundary of the track does not fall exactly on the computational grid. Consequently, we adopt the 'irregular physical boundaries' method [16] to express first and second derivatives in terms of the potential on the bearing track boundary.
Results and discussion
In the PIII process, ions are accelerated by an electric field created by the large negative voltage applied to the target. The ions then cross the sheath and impact the surfaces of the target. In this section, we first discuss different classes of ion trajectories. We then compare potential and ion density distributions for the three target geometries. Finally, the incident dose and accumulated impact energy are shown. Figure 3 is a schematic picture of the implantation geometry. We can categorize the ion trajectories into three classes. In the first case, ions impact the target directly. In the second case, ions from the lower (or upper) half of the ring are drawn into the hole. After passing completely through the ring, the ions gyrate to the outside of the ring and impact an exterior surface. The third case is similar to the second. However, ions gain enough kinetic energy to escape the retarding force from the ring and puncture the sheath edge. Note that in this problem the potential is time dependent, so that the ion energy is not strictly conserved. The ion trajectories are mainly dependent on the electric field structure, which we examine in the next section.
Ion trajectories

Potential and electric field
When the target is biased with a high negative voltage, an electric field builds up around the target. The field strength depends on the shape of the target and on the space charge distribution. Here we discuss the potential distribution for the three targets with and without an auxiliary electrode, and the influence that the potential structure has on the ion trajectories.
The main purpose of inserting a zero-potential auxiliary electrode on the axis of a long tube is to increase the impact energy of the ions to the interior surface [6] . The normalized potential distributions around the thick ring at T = 40 with and without the auxiliary electrode are compared in figure 4(a) . The auxiliary electrode enhances the radial electric field inside the ring. This helps to steer ions to the interior surface of the target, as well as increasing the impact energy of those ions initially in the hole. It is also seen that the longitudinal electric field is weaker in the hole when the auxiliary electrode is used. Therefore, it is less likely that ions will pass through the ring. The thickness of the ring does not affect the ions initially inside the ring (all ions initially in the hole impact the inner surface), but it does affect the motion of ions from the outer region. The electric field is concentrated at the corners and edges of the target. Ions coming near the top edge will be strongly accelerated and impact on the top surface. However, when the wall is thin, ions may 'miss' the top surface and fall into the hole with high velocity. These high-velocity ions have some chance of passing completely through the ring. In figure 4(a) , the potential distribution around the thin ring at T = 40 is shown. The disturbance pattern observed outside the sheath is due to ions passing through the ring and into the sheath. We will discuss these passing ions more fully in section 3.3. The insertion of an auxiliary electrode has a focusing effect on the passing ions, since the ions inside the ring obtain a larger radial velocity from the larger radial electric field.
According to Poisson's equation (equation (2)), the potential φ is determined by the space charge density due to the ions and electrons. The potential structure must evolve since ions are continually extracted from the sheath edge to be implanted; that is, the sheath must expand. Figure 4(b) shows the normalized potential distribution around the bearing race at T = 2 and 40. (The step structure around the track is an artifact of the plotting software.) The sheath has expanded significantly at T = 40 as ions are extracted from the plasma. In other words, the potential is time dependent, so that the change in kinetic energy of an ion is not the potential difference between its initial and final positions. This is the reason that some of the ions from above (or below) the ring can avoid falling back into the 'ring hole' when passing through the midplane even though the bottom and top parts of the ring are mirror images and generate equal but opposite instantaneous electric fields. In figure 4(b) , we see that the potential contours bend slightly towards the inner track at T = 2. At later times, the potential contour lines are similar to those around the thick ring ( figure 4(a) ). Therefore, the inner track of the bearing will only affect ion trajectories at early times.
Ion density
Normalized ion density contours around the thin ring at T = 40, with and without the auxiliary electrode, are shown in figure 5(a) . It is seen that some ions pass through the ring and stab into the sheath because of the strong electric field at the edge of the thin wall. The region of zero ion density observed inside the ring is a typical phenomenon associated with the use of an auxiliary electrode [11] . We see that ions pass through the ring near the interior wall. The insertion of the auxiliary electrode provides a more focused path for ions passing into the sheath, since it enhances the radial electric field inside the hole.
Density contours around the thick ring/bearing at T = 40 and 80, with the auxiliary electrode, are shown in figure 5(b) . The only difference between the thick ring and bearing is the inner track. As stated in section 3.2, the inner track affects the potential distribution at the very beginning of the voltage pulse, while at longer times its effect is negligible. At T = 40 the ion density contours around the thick ring and bearing are indistinguishable. Again, a region of zero ion density is seen inside the target when the auxiliary electrode is used, while ions are prevented from passing through the ring by the large radial electric field. At T = 80, the zero ion density region has expanded to the inner corner of the thick ring/bearing and the inner surface is no longer being implanted. Without the auxiliary electrode, many ions pass through the thick ring/bearing, as shown in figure 5(c) . At T = 40, some ions have gyrated through the hole to the outside of the target, forming a concentration of ion density. At T = 80, a large number of ions have re-entered the sheath.
Incident dose
The incident dose is obtained by accumulating the ion particle weight (corrected for radial motion) incident at each grid point on the target surface using linear interpolation between grid points. The retained dose is not calculated as it depends on the target material, which is not specified in this work. In figure 6 (a), the total incident dose at T = 40 for the thin ring is shown. It is seen that a large number of particles have impacted the centre region of the interior surface when the auxiliary electrode is used, since ions are focused there when they enter the ring ( figure 5(a) ). An excess of ions impact the outer surface near the mid-plane for the case without an auxiliary electrode. This extra dose is due to ions that have passed through the ring, i.e. class 2 trajectories as described in section 3.1.
The incident dose to the surfaces of the thick ring at T = 40 is shown in figure 6(b) . The profile on the outer surface is similar to that for the thin ring. Without the auxiliary electrode, an increase in the dose on the outer wall is again observed near the mid-plane. Nearly the same number of particles have impacted on the top surface with and without the auxiliary electrode, except that the dose is slightly larger near the inner corner when using the auxiliary electrode since it generates an outward radial electric field. On the interior surface, an incident dose peak is seen when using the auxiliary electrode, as discussed previously [11] . The peak is formed by the ions coming from outside the ring [11] . Moreover, the central region of the ring is not implanted at later times since the region of zero ion density is found there ( figure 5(b) ). When the auxiliary electrode is not used, the ion dose on the interior surface of the thick ring is similar to the thin ring. Figure 6 (c) exhibits the incident dose received by different surfaces of the bearing at T = 40. The inner track (top half) of the bearing is divided into 12 segments with equal lengths of 0.017 D (0.17 cm) or 5
• of arc. Position one is at the centre of the track and position 12 is at the top edge. There is no difference between the dose to top and outer surfaces of the bearing and the thick ring as shown in figures 6(b) and 6(c). With the auxiliary electrode, a peak in the incident dose is seen near the top corner of the interior surface ( figure 6(c) ), and the incident dose is distributed uniformly along the race track. Without the auxiliary electrode, the dose is peaked at the centre of the track and about twice that received with the electrode.
Accumulated normalized impact energy
The accumulated horizontal (along ρ), vertical (along L), and total normalized impact energy on the surfaces of the three targets are discussed in this section. The horizontal and vertical accumulated impact energies are obtained by taking the square of the normalized impact velocities,
The total energy, which represents the product of the incident dose and the average impact energy, is the sum of horizontal and vertical components.
The accumulated impact energy distributions on the inner and outer walls of the thin ring at T = 40 are shown in figure 7(a) . With the auxiliary electrode, the accumulated impact energy on the inner wall is greatest near the mid-plane since ions are concentrated in that region ( figure 5(a) ). The horizontal and vertical components have similar amplitudes in both cases, indicating that the ions are impacting the inner wall at ≈45
• . In contrast, ions impact the outer wall of the thin ring at near-normal angles except near the top of the ring. Without the auxiliary electrode, the vertical component of the impact energy is increased. This is caused by ions gyrating through the ring, which then impact at a more oblique angle. With the auxiliary electrode, many ions crossing the mid-plane of the ring stab through the sheath and only ions from the outer region impact the outer wall.
The accumulated impact energy distribution along the inner, top and outer walls of the thick ring at T = 40 is shown in figure 7(b) . The profile on the outer wall is similar to the thin ring in figure 7(a) . However, the accumulated impact energy is less, since the total dose is lower. Ions impact the top surface of the ring vertically, but impact off normal near the outer corner. Without the auxiliary electrode, ions impinge obliquely on the inner wall, where the ratio of the horizontal and vertical components is approximately one. However, with an auxiliary electrode, ions impact the region around the midplane of the wall normally, though the accumulated impact energy is smaller, since ions do not implant that area at later times ( figure 5(b) ).
The accumulated normalized impact energy distributions on the inner surface (adjacent to the inner corner), track, top surface and outer wall of the bearing at T = 40 are shown in figure 7 (c). The accumulated energy distributions on the inner, top and outer walls are nearly the same as those found for the thick ring ( figure 7(b) ) since the geometry is the same except for the inner track. Indeed, the impact energy distribution inside the track is similar to the central area of the inner wall of the thick ring. However, with the auxiliary electrode, a horizontal ion impact energy does not necessarily imply normal impact since the surface is curved.
Conclusions
We have investigated sheath and ion dynamics following the application of a large negative voltage pulse for three ringshaped targets: a thin ring, a thick ring and an outer bearing race. This work has a direct impact on PIII for these and similar target geometries. The normalized potential, ion density, incident dose and accumulated impact energy on the target surfaces were computed using a hybrid simulation with particle ions and Boltzmann electrons. These ring-shaped targets are an 'open' geometry as plasma ions may freely pass through them. The ions more easily pass through the low-aspect-ratio targets modelled here than through long bores or tubes. We have identified three classes of ion trajectories: those that impact the target surface directly, those that pass through the ring and impact the target, and those that pass through the ring and escape into the plasma. The insertion of an auxiliary electrode enhances the radial electric field in the ring, bending ion trajectories to the inner surface and preventing ions from passing through the thick ring and bearing. However, for the thin ring, the auxiliary electrode focuses ions that subsequently stab into the sheath. The bearing and thick ring have the same geometry with the exception of an inner race track. We found that the track does not significantly influence the potential distribution, though the electric field distortion caused by the track affects ions initially near the track. Ions implanted at later times have gained a large amount of kinetic energy and will not be greatly influenced by the small perturbation to the potential caused by the track. The insertion of an auxiliary electrode generates a non-uniform distribution of both the incident dose and impact energy on the interior surfaces [11] , with the ion impact angle becoming more normal [11] . In addition, we have found that the use of an auxiliary electrode decreases the normalized incident dose and impact energy on the top and outer surfaces of the thick ring/bearing since the auxiliary electrode limits ions passing through the mid-plane and fewer ions gyrate to the top and outer regions. This effect is not seen for a long tube since the probability that ions pass through the tube is quite small.
